In this work we demonstrate large scale high sensitivity optical diffraction tomography (ODT) of zebrafish. Compared to previous work the scale and sensitivity are enhanced by the following steps. First, we obtain a large field of view while still maintaining a high image resolution by using a high magnification over numerical aperture ratio ODT set-up. With the inclusion of phase shifting we demonstrate that we operate close to the optimum magnification over numerical aperture ratio. Second, we decrease the noise in the reconstructed images by implementing off-axis sample placement and numerical focus tracking in combination with the acquisition of a large number of projections. Although both techniques lead to an increase in sensitivity independently, we show that combining them is necessary in order to make optimal use of the potential gain offered by each respective method and obtain a refractive index (RI) sensitivity of 8 · 10 −5 . In this way, high RI sensitivity can be achieved that is necessary for phase tomography of optically cleared tissue structures, which we can identify for features with RI down to 6 · 10 −4 . Third, we optimize the optical clearing procedure to prevent scattering and refraction to deteriorate our large scale images. We demonstrate our technique by imaging a 3 day old zebrafish and an adult cryoinjured zebrafish heart in a large 5.5 × 5.5 × 4.1 mm 3 volume with 4 micrometer resolution. Various tissue structures can be clearly identified. The volume of the cryoinjured heart is segmented and quantified based on the refractive index distribution.
Introduction
Three dimensional (3D) optical imaging is used in many areas of biology and even medicine as is evidenced by the multitude of 3D imaging modalities that have been developed. Advantages of such techniques include virtual instead of physical sectioning and 3D quantitative analysis. One of these techniques is optical diffraction tomography (ODT). Currently, ODT is applied to homogeneous large samples [1] or small inhomogeneous biological tissues in the tens of microns size range such as cells [2] and (plant) fibers [3] . This is caused by the fact that on the one hand ODT relies on the refractive index (RI) differences inside the sample to be sufficiently large to image, but on the other hand requires that refractive index differences are sufficiently small in order to prevent a change in direction of the rays passing through the object or severe aberrations of the wavefront to take place. These would inhibit accurate reconstruction of the object wavefield, which for larger samples becomes particularly problematic. Consequently, for large scale ODT of biological tissues, the RI variation must be small enough in order to minimize these effects, but the imaging method must be sensitive enough to still detect this variation in the wavefront and allow for sufficient contrast in the reconstructed image. A way to achieve this is through the use of optical clearing of the sample and image the sample in the clearing liquid. However, thorough optical clearing causes RI differences to be (very) small, necessitating high RI sensitivity to image and therefore a low noise level in the reconstruction to obtain high quality images. Although the issues of deformation of the projections (due to ray displacement) and severe aberrations of the wavefront could then be solved, the challenge is then to accurately image the remaining RI contrast.
In this work we demonstrate to our knowledge for the first time that high contrast and high resolution 3D refractive imaging of large scale biological samples can be obtained using the following steps:
-large scale high resolution imaging using a large image sensor and phase shifting digital holography to make full use of the spatial frequency bandwidth of the system. -high sensitivity RI detection through off-axis placement of the sample combined with numerical focus tracking during rotation and acquisition of a large number of projections.
-minimization of scattering and refraction by using an optimized passive optical clearing procedure
Materials and methods
We measure the scattered field from multiple angles using an optical diffraction tomography set-up with phase shifting digital holography operating in transmission geometry. We image the field from the object using an objective lens with magnification M=4 and an NA=0.2 onto a 12 Megapixel camera. We theoretically demonstrate that with these parameters we come close to meeting the requirement
for our phase shifting digital holography set-up that maximizes the resolution over the field of view. We suppress the speckle noise by placing the sample off-axis [4] and numerically refocussing of the field. In addition, we acquire a large number of projections to suppress the shot noise. We demonstrate that the combination of these two noise reduction methods is essential to strongly suppress the noise sufficiently to make large scale ODT possible. We obtain an RI sensitivity of 8 · 10 −5 . Tomographic reconstruction is performed on 1440 projections measured over 360 degrees. The total acquired data in this case is around 20 GB, which fits in the internal memory of a 32 GB RAM desktop PC. The 3D relative RI structure of the object is reconstructed on a slice by slice basis using the filtered back projection (FBP) algorithm.
The sample is a 3 day old zebrafish embryo (wild type) embedded in agarose. The sample is placed Murray's clear to make the sample completely transparent. We chose determined an optimal clearing time of 3 hours that ensures that the sample is transparent enough for optical phase tomography without refraction, while at the same time maximizing the refractive index contrast in order to keep a good signal (RI contrast in the reconstruction) to noise (background) ratio in the final reconstruction. The zebrafish heart is from a 1 year old zebrafish, the clearing procedure is identical.
Results
Virtual cross-sections of the zebrafish sample are shown in Fig. 1(a-c) where the RI difference is quantitatively visualized on a linear gray scale. The RI distribution of the reconstructed background (optically cleared agarose) is depicted in Fig. 1(d) and found to have a standard deviation of 8 · 10 −5 . Typically we can identify diiferent biological tissues with refractive index differences down to 6 · 10 −4 . The total imaged volume is 5.5 × 5.5 × 4.1 mm 3 with a 4 micrometer spatial resolution (estimated from an RI edge response). Virtual cross-sections of the zebrafish heart are shown in Fig. 2 . The damaged part of the heart could be correctly segmented using a region growing algorithm based on RI values of the image [5] . The cryoinjured area is indicated in the bounded area (red) in Fig. 2 (left) . We estimate the relative volume of the injured part to be approximately 14% of the total heart through manual slice by slice segmentation of the 3D reconstruction.
